over 800 m 3 /s, and 1/10 reduced-scale model for crosswind assessment (Rocchi et al., 2011) . However, few wind tunnels have such a large air flow rate, and they are difficult to use continuously for developing new rolling stock. To carry out the wind tunnel tests repeatedly and easily, the aerodynamic forces and moments under crosswind need to be measured in a compact wind tunnel with a small air flow rate.
One problem of using a compact wind tunnel is that the small air flow rate limits the measurement area and the wind velocity, which is thought to lead to the flow around the train model of the reference wind tunnel not being simulated. Furthermore, the small measurement area makes the train model smaller in order to acquire a sufficient blockage ratio of the train model for the tunnel area, which deteriorates the measurement accuracy. Additionally, the slow velocity causes an insufficient Reynolds number. Therefore, to precisely measure crosswind in a compact wind tunnel, a limited air flow rate must be effectively used. In particular, flow from the outlet nozzle must be the required quality, and flow simulated around the train model must be the same as that in the reference wind tunnel. To acquire this flow, an adequate nozzle for the train model and boundary layer control need to be developed.
In this study, we developed a measurement system in our own high-speed low-noise wind tunnel, the airflow of which is lower than 1/10 of that of the reference wind tunnels. The aim of the measurement system is to accurately measure aerodynamic force and moment within a required tolerance of the benchmark data listed in the European Norm. To effectively use the limited air flow rate, a wide nozzle is developed that is a suitable size for the reduced-scale train model. Moreover, to obtain a sufficient flow while controlling the boundary layer thickness, the train model installation setup is optimized. 
Nomenclature

Measurement system design 2.1 Measurement system outline
In order to develop trains in ease, we try to utilize our low-noise high-speed wind tunnel (Hitachi, 2014) for crosswind stability assessment. Its test section is 600 mm wide × 400 mm high × 2000 mm long, and the max flow speed is 420 km/h (116.7 m/s). To satisfy the procedure of European Norm EN14067-6:2010 with the original configuration, the reduced-scale model is estimated to be less than 1/75 to satisfy the required Reynolds number Re r = 2.5×10 5 , which is too small to measure force and moment precisely. Therefore, in order to be able to use the larger reduced-scale model in our wind tunnel, we designed a wide nozzle and optimized the train model setup with a turntable. Figure 1 shows the outline of the proposed aerodynamic force and moment measurement system, and Table 1 lists the target specifications to meet the EN requirements. To blow the wind to a train model set transversely to the wind direction and measure the aerodynamic force and moment to assess crosswind stability, a sufficient flow outlet area and flow speed for the train model need to be acquired. Referring to the EN, we set the target width of the outlet area to over 4/3 the reduced-scaled train model length l s and the target blockage ratio x b (=A s /WH), which is the ratio of reduced-scale train projected area against outlet nozzle, A s , to the outlet nozzle area, to less than 15% at the yaw angle = 30 degrees, which is the angle between the train model and the mainstream direction. Furthermore, to achieve measurement precision, the air flow must be the same quality as that in the reference wind tunnel. We set the target Reynolds number Re based on the reduced-scale reference length d 0s (=sd 0 ) to more than 2.5×10 5 and the target boundary layer thickness 99% at the model set position to 30% of the reduced-scale train model height h s . To satisfy these target values, the wide nozzle and boundary layer control were developed. 
.1 Determination of outlet area
To develop the wide nozzle, the air outlet area size must be determined. The air outlet area needs to have an outlet width W over 4/3 the reduced-scaled train model length l s and a blockage ratio x b lower than the required blockage ratio x br = 15% at the yaw angle = 30 degrees. Moreover, the flow velocity U, which is determined by the flow outlet size and the fan power of this wind tunnel, must satisfy the required Reynolds number Re r based on the reduced-scale reference length d 0s . Since each specification depends on the train model scale s, we determine the train model scale s so as to meet the requirements for this wind tunnel. Table 2 shows the specifications estimated from the train model scale s. According to the EN, the train model must have a test vehicle and at least half a vehicle downstream. In this research, a TGV Duplex powercar, which is one of wind tunnel benchmark vehicle models defined in the EN, was used. It has height h t =3.9 m and was set the length l t = 37.5 m, generally the train vehicle length is about 25 m. At these dimensions, the required outlet width W r , the required outlet area A r , and the required wind velocity U r to satisfy the Reynolds number are estimated from the target value at each train model scale: s = 1/20, 1/30, and 1/40. Moreover, to determine the fan power, the required air flow rate M r is also estimated by using the required outlet area A r and flow velocity U r . These specifications are acquired from the actual train projected area at the yaw angle degrees, A t, which was measured by the 3D-CAD, and the kinematic viscosity coefficient  by equations (1)-(4). According to Table 2 , the smaller train model scale s decreases the required air flow rate M r . Since the maximum air flow rate of our wind tunnel with the high-speed original nozzle is estimated to be 28 m 3 /s, the train model scale s that satisfies the specifications in this wind tunnel is found to be lower than 1/20.
On the other hand, the larger train model scale s increases the aerodynamic force and moment at the measurement and improves the measurement accuracy, which leads to the train model scale s being determined to be s = 1/30. If the train model scale is s = 1/30, the target outlet width W is more than 1.7 m, the target outlet area A is over 0.52 m 2 , and the target wind velocity V is over 37.5 m/s. To widen the margin for satisfying these specifications, the nozzle outlet size is determined to have the width W = 1.8 m and the height H = 0.5 m. 
Nozzle shape design
To acquire the uniformity of flow velocity distribution, adequate contraction is required. Here, the nozzle curve, such as the change in dimensions from the inlet area to the outlet area, is designed with reference to the shape supposed by Rouse and Hassan (1949) . This shape shows the relationship of the contraction ratio and nozzle curve for the cavitation-free profile at the outlet and was adapted to the wind tunnel nozzle design for preventing local pressure drop at the outlet by Kobayashi (1981) . The general shape is designed as the following equations. The shape outline of nozzle curve R(x) from the center of the wind tunnel at the streamwise position x, of which the origin is the outlet, is acquired from the inlet dimension D I , the outlet dimension D O , the nozzle length L, and inflection point x i /L, which are shown is equations (5) 
A suitable shape is easily designed by changing the inflection point. Figure 2 shows the designed nozzle curve. In the references, in order to generate a local pressure drop near the outlet, the max inflection point was limited from the contraction ratio from the outlet size to the inlet size and the ratio from the inlet size to the nozzle length. In this research, the contraction ratio is (D I,width 
and the ratio from the inlet size to the nozzle length is L /2D
I,width = L /2D I,height = 1.2, which decides the inflection point less than x i /L = 0.27 in the shape supposed for cavitation-free profile [Rouse and Hassan, 1949] . Smaller inflection point makes the rapid curvature of the nozzle shape near the inlet, and may make pressure increasing area and cause the boundary separation. Therefore, to acquire the uniformity of the velocity distribution without separation, the inflection point x i is set at 0.2 of the nozzle length L from the inlet, and the curves are set to straighten close to the nozzle outlet. To check the uniformity of the velocity distribution from the designed wide nozzle, we simulate the wide nozzle by using the software Star-CCM+. Table 3 indicates the simulation conditions, and Figure 3 and 4 show the simulation domain and mesh, including the designed wide nozzle, ground plate, and collectors. Figure 5 shows the velocity contour map in the horizontal cross-section at the nozzle center and velocity distribution in the model set position. The origin of the coordinate system is at the center of the nozzle outlet bottom. We set conditions under which the air flow rate is 35 m 3 /s at the wide nozzle inlet and outlet at the collector, which simulates the wind flowing through the wide nozzle to the collector. The air flow rate is estimated from the fan power and the pressure resistance, because the wide nozzle reduces the pressure resistance at the nozzle and increases the available air mass flow from the original high-speed nozzle by its larger outlet area. The results reveal that the mean wind speed is U/U r =1.04, which exceeds the required wind velocity U r =37.5 m/s estimated by using the Reynolds number. Moreover, the constant mainstream speed range was 88% of the nozzle width W, at the model set position (the streamwise position x/L=0.46). This shows that the developed wide nozzle satisfies the uniformity of the flow velocity. And, this figure also shows the measured values, the measuring method of which is described in chapter 3.1, and the simulated results are in good agreement with experimental results. 
Optimization of model installation
To acquire the velocity profile for measuring force and moment accurately, it is also important to consider boundary layer thickness  99% . Because in the simulation the boundary layer thickness  99% at the model setup is estimated to be  99% /h s =0.31, which is over the required boundary layer thickness  99% /h s =0.3, the boundary layer control is necessary. Here, the splitter plate is installed under the train model because the boundary layer thickness is easily controlled by changing the splitter plate height h sp . In this research, the splitter plate is a rounded rectangular shape, the size of which is 1,780 mm×1,080 mm, in order to set the distance from the leading edge to the train model constant. And, its shape at the leading edge was rounded and its thickness was 5 mm.
To reduce the boundary layer thickness, the splitter plate height h sp must be made higher. Here, however, the splitter plate height h sp is limited because the wide nozzle is too low for the train model due to the limitation of fan power. Therefore, we investigate the effect of the splitter plate height in the developed wide nozzle for the velocity distribution around the train model in the simulation. The simulation conditions are the same as in Table 3 , except that the splitter plate and the train model at the yaw angle = 90 degrees are set on the ground plate. To compare the effects of different splitter plate heights, we choose splitter plate heights of h sp /H = 1/12.5 and 1/50. The former is the height assuming a quite thin boundary layer, and the latter is the lowest height at which the target boundary layer thickness can be satisfied. Figure 6 shows the streamwise velocity contour map in the vertical cross-section at the train model center and velocity distribution at streamwise position x/L=0.58(the train model setup position is x/L = 0.46). At the splitter plate height h sp /H = 1/12.5, the mainstream flow also runs under the splitter plate. However, at the splitter plate height h sp /H = 1/12.5, the separation area, shown by the white dotted line, increases over that for the splitter plate height h sp /H = 1/50. This phenomena is also shown by the velocity distribution at streamwise position x/L = 0.58. The position at which the flow velocity becomes the mainstream u/U = 1 from the ground at the splitter plate height h sp /H = 1/12.5 is higher than h sp /H = 1/50. The air flow rate above the train model was smaller because there is insufficient space vertically due to the small nozzle height at the splitter plate height h sp /H = 1/12.5, which possibly increases the rolling moment. To satisfy the boundary layer thickness and acquire vertical space above the train model, the splitter plate is set to h sp /H = 1/50.
(1) Contour map for splitter plate height h sp /H=1/12.5. 
Measurement system evaluation 3.1 Assessment of developed measurement system
The wide nozzle and splitter plate were developed in accordance with the design described in chapter 2. Figure 7 shows an overview of the developed measurement system and Table 4 shows the test conditions in this measurement system. The outlet area size of the wide nozzle is W = 1800 mm and H = 500 mm, which satisfies the target outlet width W and the target blockage x b . The 1/30 reduced-scale train model is set at the streamwise position x/L = 0.46 from the nozzle on the h sp /H = 1/50 splitter plate and set on the turntable in order to change the yaw angle . Figure 7 Overview of developed measurement system
To evaluate whether this measurement system satisfies the Reynolds number and boundary layer described in chapter 2.1, the flow velocity and the boundary layer thickness were measured by using a hot-wire anemometer (Kanomax, Model 7000Ser) and I-shape probe without the train model. The Reynolds number based on the measured velocity is Re=2.67×10 5 and exceeds the target value, and the turbulence intensity was 0.024. Figure 8 shows the velocity profile at the model setup position x/L = 0.46 from the nozzle. The boundary layer thickness at the center of measurement area, z = 0, is  99% /h s = 0.31 without the splitter plate and  99%,sp /h s = 0.22 with it. Thus, the boundary layer satisfies the target boundary thickness  99% /h s =0.3 when the splitter plate is used.
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Evaluation of moment measurement accuracy
The proposed system satisfies the equipment requirements and flow specifications in EN14067-6. To evaluate its measurement accuracy, force and moment of the train model, which was described as a wind tunnel benchmark vehicle model in the EN, was measured and the results from the proposed system are compared with those for the reference data indicated in the EN. Figure 9 shows the track dimensions (LOC/PAS TSI, 2014) and Figure 10 shows the rolling moment around the leeside rail. The force and moment of the benchmark vehicle model on the rail are measured every 5-degree yaw angle from 0 to 90 degrees by the load-cell (Nissho-electric-works Ltd., LMC-6524A) with 0.2% measurement accuracy, which is connected with the train model under the ground plate. The force and moment was measured at the sampling rate 100 Hz and the measured value was averaged from 2 times of test runs in each 10 s duration.
The measurement accuracy was assessed by the rolling moment coefficient around the leeside rail C Mx,lee , which is calculated by using the uplift force coefficient C Fz and the rolling moment C Mx as follows.
where 2b 0 is the nominal lateral distance between the contact points of a wheel set and has a value of 1.5 m at full scale, d 0 is the reference length 3 m at full scale, and A 0 is the reference area 10 m 2 at full scale. In this research, the German method of the blockage correction in Annex B in EN was adapted. The correction only applies to the rolling moment coefficient, the other coefficient remain unchanged. The correction factor f BL is calculated by Equation (10), which leads to f BL = 1.053.
Mean flow velocity U with a train model is defined by the nozzle difference pressure measured at the nozzle surface near the inlet and the outlet. Before the force and moment measurement, the correlation between the measured nozzle difference pressure and the mean flow velocity, which is measured without the train model by the pitot-tube, was estimated. And, at the force and moment measurement, the mean flow velocity with a train model was calculated by the measured nozzle difference pressure. Figure 11 shows the sensitivity of the rolling moment coefficient around the leeside rail C MX, lee to the Reynolds number Re at the yaw angle  = 90 degrees. In this research, it is found that C MX, lee is nearly independent on the Reynolds number at the Reynolds number over Re = 2.0×10 5 . Figure 12 shows the rolling moment coefficient around the leeside rail C Mx,lee at every 5-degree yaw angle, and Table 5 shows the measurement results. Comparing the measured and reference values, the tolerance , shown in equation (11), is the average tolerance  mean = 0.086 and the max tolerance  max = 0.149 for all 5-degree yaw angles from 0 to 90 degrees. Figure 13 shows the rolling moment coefficient around the leeside rail C Mx,lee to check the symmetry of the yaw angle . C MX,lee at the yaw angle and -90degreeswas measured within 4% of that at the positive yaw angle  which shows the symmetry of the incident flow. In this research, C mx,lee was larger than the reference value at all yaw angle . This is because the separation at the corner of the train model roof was slightly different from that measured in the reference wind tunnel described in EN. This wide nozzle has a smaller amount of the air flow rate above the train model than the reference wind tunnel and makes hard to prevent the separation at the roof of the train model. This shows the proposed system can obtain results within the required tolerances and has the same measurement accuracy as the benchmark described in the European Norm. 
Conclusion
To measure the force and moment of trains precisely in a compact wind tunnel to assess crosswind stability, an aerodynamic force and moment measurement system including a wide nozzle and a splitter plate was developed with reference to European Norm EN14067-6. The development and evaluation revealed the following findings.
(1) To effectively use the limited air flow rate, the wide nozzle outlet, which has a width 3.6 times its height, was designed to match the train model, and the adequate contraction from the inlet area to the outlet area was designed by a simple equation (Hassan & Rouse) . Simulation and experimental results show that the developed wide nozzle achieves the same flow quality as the reference wind tunnel in the European Norm. (2) The simulation results show that the higher splitter plate with a small nozzle increase the separation area because the flow above the train model runs insufficiently. When the splitter plate was set at the height h sp /H=1/50, the boundary layer thickness was satisfied, and sufficient vertical space was acquired above the train model. (3) From the force and moment measurement of the wind tunnel benchmark vehicle model, the average and max tolerances of this system are 0.086 and 0.149 from the European Norm for 5-degree yaw angles from 0 to 90 degrees Thus, the proposed system can satisfy the equipment and flow specifications and has the same measurement accuracy as the benchmark described in the European norm. 
